ALS is predominantly a disease of the motor system, but cognitive and behavioral symptoms also are observed. DT MR imaging is sensitive to microstructural changes occurring in WM tracts of patients with ALS. In this study, we investigated the association between cognitive functions and extramotor WM tract abnormalities in ALS patients.
D
espite the fact that ALS is predominantly a disease of the motor system, cognitive and behavioral symptoms have been described starting more than a century ago.
1 ALS cooccurs with FTD in 5%-15% of cases, whereas approximately 35% of nondemented patients with ALS show a mild-to-moderate cognitive impairment. 1 The most consistently reported cognitive changes in patients with ALS relate to dysfunction of components of the executive system (eg, verbal fluency, set shifting, cognitive inhibition, and selective attention).
1 There has been somewhat less consistent evidence for impaired memory and language.
1 Behavioral impairment also is recognized as another feature of ALS, and up to 63% of patients with ALS are apathetic, irritable, inflexible, restless, or disinhibited. 1 Cognitive impairment in ALS is owing, at least partially, to the presence of ubiquitinated cytoplasmic inclusions of TAR DNA-binding protein 43 underlying both ALS and some types of FTD.
1 Neuroimaging studies provided compelling evidence that ALS has a significant extramotor cerebral involvement, regardless of the presence of a frontotemporal syndrome or dementia. 2 Structural MR imaging showed that GM atrophy in patients with ALS extends beyond the motor cortex to the frontotemporal and parietal regions. 2 WM atrophy of the corpus callosum, and frontotemporal and occipital areas, also was found. 2 Many functional imaging studies have shown a widespread frontotemporal lobe involvement in patients with ALS. 2 A few studies have combined neuropsychologic and neuroimaging findings in patients with ALS. Imaging correlates of cognitive impairment in ALS include atrophy of the frontal lobe; hypometabolism and reduced perfusion of the frontotemporal cortex and anterior cingulate gyrus; and impaired recruitment of the prefrontal, temporal, and parietal cortices during active cognitive tasks. 2 The most severe cortical involvement has been observed in patients with clinical features of both ALS and FTD. 3 Much less is known about the association between WM tract damage and cognitive deficits in ALS patients. To our knowledge, only 1 MR imaging study 4 showed atrophy of the frontotemporal WM in patients with ALS with verbal fluency deficits, in the absence of significant GM atrophy, suggesting that an injury to the frontotemporal association pathways probably contributes to cognitive impairment of these patients.
DT tractography allows in vivo localization and reconstruction of WM tracts based on the diffusion properties of water molecules in the brain tissues. DT tractography is now an established tool for the detection of pathology of the CST in ALS. 2 Recent studies have shown that DT MR imaging is also sensitive to microstructural changes occurring in the extramotor WM tracts of patients with ALS, such as the uncinate fasciculus. 2 The correlations between WM tract damage and neuropsychologic measures have not been investigated yet.
Against this background, we used DT tractography to reconstruct specific WM tracts and to investigate the association between cognitive functions and extramotor WM tract abnormalities in nondemented patients with ALS.
Materials and Methods
The study was conducted with institutional review board approval. Written informed consent was obtained from each participant before study enrollment.
Subjects
Patients with sporadic ALS were recruited consecutively. Inclusion criteria were as follows: a diagnosis of probable laboratory-supported, probable, or definite ALS according to the El Escorial-revised criteria 5 ; no family history of ALS; no significant respiratory failure (forced vital capacity Ͻ70); no clinical diagnosis of FTD 6 ; and righthandedness. Patients were excluded if they had cerebrovascular disorders, history of traumatic brain injury, hydrocephalus, or intracranial mass; other neurologic diseases; psychiatric and major medical disorders; psychotropic medication; or history of substance abuse. ALS disease severity was assessed by the ALSFRS-R questionnaire. 7 Muscle strength was scored by using the Medical Research Council scale from 0 to 5 (higher score indicating greater muscle strength). 8 UMN involvement was assessed by totaling the number of pathologic UMN signs on examination (higher score indicating more UMN signs; maximum total score ϭ 16). 9 Sixteen sporadic patients with sporadic ALS were included. All patients were taking riluzole. Fifteen sex-and age-matched healthy individuals, with no history of neurologic or psychiatric disorders and a normal neurologic examination, served as controls.
Neuropsychological and Behavioral Evaluation
Within 48 hours from MR imaging, patients with ALS underwent a neuropsychologic and behavioral evaluation. Cognitive and behavioral assessments were administered by a neuropsychologist who was unaware of the clinical and MR imaging data. The neuropsychologic test battery evaluated global cognition with the Mini-Mental State Examination, 10 verbal memory and learning with the Rey word test, 11 visuospatial abilities and spatial memory with the test of copy and recall of Rey's figure, 12 attention and executive functions with the Trail-Making Test (part A that is dependent primarily on the efficiency of visual scanning and psychomotor speed; part B that requires both visuomotor coordination and executive control; and BA score that is calculated as the difference between performance times of part B and part A and is considered a measure of cognitive flexibility, which is relatively independent of manual dexterity), 13 Stroop test, 14 Wisconsin Card Sorting Test, 15 and semantic and phonemic fluency tests. 16 The Mini-Mental State Examination also was administered to the healthy subjects. For each subject, the scores obtained at each domain of the cognitive assessment were adjusted for age and education and sex, as appropriate, and the performance was evaluated according to the percentile distribution in the normative populations. The fifth percentile was used as cutoff because it reflects an equivalent score of 0 when comparing performances of patients with matched normal subjects. A neurobehavioral interview of both patients and caregivers was performed. Behavioral changes also were assessed by using the Neuropsychiatric Inventory scale. 17 According to current consensus criteria, 18 those patients who scored at or below the fifth percentile compared with age-and education-matched normal population on at least 2 distinct cognitive tests sensitive to executive functions were considered to have frontotemporal cognitive impairment (ALSci). A diagnosis of ALSbi was made in the presence of 2 behavioral abnormalities, as supported by at least 2 sources from among patient interview/observation, caregiver report, or Neuropsychiatric Inventory.
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MR Imaging Acquisition and Analysis
Using a 1.5T Avanto system (Siemens, Enlargen, Germany), the following sequences were obtained: dual-echo turbo spin-echo; fluidattenuated inversion recovery; and pulsed-gradient spin-echo echoplanar with diffusion-encoding gradients applied in 12 noncollinear directions. A detailed description of MR image parameter is provided in the Supplemental Material. MR imaging analysis was performed by a single experienced observer, blinded to clinical and cognitive findings. A detailed description of MR imaging analysis is provided in the Supplemental Material. DT analysis was carried out by using in-house software. 19 Diffusionweighted images were first corrected for distortion induced by eddy currents. The DT was then estimated by linear regression and MD and FA maps were computed. In addition, axial diffusivity and radical diffusivity maps were calculated. An atlas-based automated approach was used to obtain DT MR imaging-derived metrics of WM tracts, including the CST, corpus callosum, cingulum, SLF, IFOF, ILF, uncinate fasciculus, and fornix. This procedure involves 1) the creation of a reference FA image in the standard space (the FA atlas) by using a group of healthy subjects (reference group); 2) the definition of WM tract probability maps on the FA atlas; 3) the nonlinear alignment of individual study subjects' MD, FA, axial diffusivity, and radical diffusivity maps to the FA atlas; and 4) the application of WM tract probability maps to the individual subject's images to measure mean tract MD, FA, axial diffusivity, and radical diffusivity.
Statistical Analysis
Differences between groups in demographic and clinical variables were assessed by using the Pearson 2 test or the Mann-Whitney U test, for categoric and continuous variables, respectively. DT MR imaging indices were compared between groups by using multivariate linear models adjusting for subject age. In patients with ALS, the association between neuropsychologic test scores and DT MR imaging metrics was assessed by using multivariate linear models adjusting for subject age and ALSFRS-R. To minimize the number of comparisons, only MD and FA values entered the correlation analysis. Results are reported as beta coefficients along with their P values. Partial and overall R 2 also were provided. P values also were adjusted for multiple comparisons controlling for the false discovery rate (p FDR ). A P value Ͻ.05 was considered as significant. Statistical analysis was performed by using SAS Release 9.1 (SAS Institute, Cary, North Carolina).
Results
Among the 16 patients with ALS, included in the study, 9 patients had a definite ALS, 4 patients a probable ALS, and 3 patients a probable laboratory-supported ALS. Thirteen patients had a limb-onset, 1 a bulbar-onset, and 2 a limb ϩ bulbar onset. There was no difference in age, sex, and education between ALS patients and controls (Table 1) . Controls had a mean MMSE score Ϯ SD of 28.4 Ϯ 1.7 that was not significantly different from that of ALS patients (P ϭ .61). Table 2 shows the neuropsychologic findings in ALS patients. Five patients (31%) had normal cognitive scores. Eleven patients (69%) scored below the cutoff in at least 1 cognitive test, and 2 of them (12.5%) were classified as ALSci. Patients with ALS impaired in at least 1 cognitive test had greater Upper Limb Medical Research Council scale score compared with those with normal cognitive tests (P ϭ .003); no other demographic and clinical differences were found between patient groups. Two patients (12.5%) had a Neuropsychiatric Inventory total domain score Ն3 on at least 2 domains (1 patient had aberrant motor behaviors and eating disorders, and 1 patient had mild anxiety, depression, apathy, irritability and sleep behavior disorders). In 1 case, a diagnosis of ALSbi was made; this patient did not have executive impairment. On the dual-echo and fluid-attenuated inversion recovery scans, hyperintensities of the CST were detected bilaterally in 8 (50%) patients with ALS and 6 (40%) healthy controls. In patients with ALS, the CST hyperintensities were identified in the caudal portion of the posterior limb of the internal capsule and extended upward through the corona radiata and downward to the ventral portion of the brain stem. In the 6 healthy subjects, the abnormal signal intensity was limited to the internal capsule and did not extend to the corona radiata or to the brain stem. Table 3 shows the means and SDs of DT MR imaging metrics of the WM tracts studied in patients with ALS and healthy controls. Compared with healthy controls, patients with ALS showed increased MD of the corpus callosum (P Ͻ .04), CST bilaterally (right, P ϭ .001; left, P ϭ .002), SLF bilaterally (P ϭ .02 for both), right cingulum (P ϭ .02), uncinate fasciculus bilaterally (P ϭ .02 for both), and decreased FA of the CST bilaterally (right, P ϭ .001; left, P ϭ .002). Patients with ALS relative to controls also had increased radical diffusivity of the CST bilaterally (P Ͻ .001 for both); SLF bilaterally (P Ͻ .03 for both) and right uncinate fasciculus (P ϭ .3); and increased axial diffusivity of the right SLF (P ϭ .04), right cingulum (P ϭ .03), and uncinate fasciculus bilaterally (right; P ϭ .03; left, P ϭ .002). When patients with ALS scoring below the cutoff in at least 1 cognitive test were contrasted with healthy controls, DT MR imaging abnormalities were similar to those found in the entire group of patients (Table 3) ; on the contrary, the 5 patients with ALS with normal cognitive tests compared with healthy controls showed only significantly increased MD, increased radical diffusivity, and decreased FA of the CST bilaterally, and increased axial diffusivity of the left uncinate (Table 3) . No difference was found when the 2 patient groups were compared directly. Note:-Values are means Ϯ SD; HC indicates healthy controls; radD, radial diffusivity; AxD, axial diffusivity; CC, corpus callosum. * P Ͻ0.05 and ** P Ͻ0.001 in patients with ALS versus HC; § P Ͻ .05 in patients with ALS who scored below the cutoff in at least one cognitive test versus HC, and # P Ͻ.05 in patients with ALS with normal cognitive tests versus HC, according to the multivariate linear models adjusted for age (see text for details).
values, whereas visual-spatial abilities correlated with left uncinate FA.
Discussion
To the best of our knowledge, this is the first study by using DT tractography to investigate the association between microstructural features of WM tracts and neuropsychologic performance in patients with ALS. In line with previous findings in ALS, 1 some degree of cognitive involvement was present in 69% of our nondemented patients with ALS. Overall, the cognitive profile of our sample is consistent with a subtle dysfunction of the executive resources, whereas 2 patients had a mild frontotemporal syndrome according to current consensus criteria. 18 Some patients also showed spatial short-term memory and visuospatial ability deficits. We found that patients with ALS scoring below the cutoff on at least 1 cognitive test showed more widespread extramotor WM damage relative to those patients with normal cognitive tests. The performances at executive function tests correlated with the DT MR imaging measures of corpus callosum and major corticocortical association tracts passing through the frontal and temporal regions, bilaterally. In addition, diffusivity abnormalities of the fornix and the left uncinate were associated with poorer performances at memory and visuospatial tests, respectively. All these findings support a previous voxel-based morphometry study showing that patients wit ALS with evidence of executive and memory dysfunctions had WM volume loss in extramotor regions, which probably belong to the long association bundles connecting the frontal and temporal lobes to other cortical regions. 4 Performance at the Trail-Making Test, which assesses cognitive flexibility, selective attention, visual scanning, and visual-motor tracking, 13 was associated with DT MR imaging measures of the corpus callosum, and the long-range frontotemporal (ie, cingulum and uncinate), fronto-occipital (ie, IFOF), and temporo-occipital (ie, ILF) bundles. Most of these associations were evident also when correcting for multiple comparisons. DT MR imaging measures of the corpus callosum and right IFOF and ILF were associated with the performance at the Stroop test, which assesses selective attention and inhibition. Lower FA values of the fronto-occipital and temporo-occipital connections, bilaterally, also were correlated with worse performance at the Wisconsin Card Scoring Test, which is an established measure of rule shifting and mental flexibility. 15 Previous fMRI studies of healthy subjects demonstrated that the performance at tests assessing executive functions relies on the communication among many broadly distributed, functionally specialized regions of the frontal, temporal, and parietal lobes. 20 Interestingly, among these cortical regions are those identified by functional imaging studies to be altered in patients with ALS with cognitive impairment. 21, 22 Our results suggest that the integrity of WM tracts that connect these regions is probably a critical factor in executive function impairment in patients with ALS. It is also worth noting that the performance at the simple sequencing subtask of the Trail-Making Test (ie, part A), but not the setshifting subtask (ie, part B), was associated with the CST damage. This is not unexpected, because part A requires the subject to connect consecutive numbers on a paper and seems to be dependent primarily on psychomotor speed. 13 Impaired verbal fluency, which has been reported in almost all studies of cognitive impairment in ALS, 1 is thought to be a reflection of working memory and executive functioning deficits rather than of a simple word retrieval impairment. 23 In our patients, phonemic fluency correlated with left cingulum FA. It has been reported that patients with verbal fluency deficits experience significantly reduced activations of the anterior cingulate cortex, middle and inferior frontal gyri, and parietal and temporal lobes relative to controls during a letter fluency fMRI task. 24 Besides the association of the cingulate cortices, cingulum fibers connect the middorsolateral frontal cortex with retrosplenial and parietal cortices, thalamus, hippocampus, and parahippocampal gyrus, and they have been suggested to be involved in executive functioning. 25 With respect to memory performance, the association between verbal learning and memory test scores and fornix MD and FA values is well established and has been documented in DT MR imaging studies of patients with other neurodegenerative and psychiatric diseases. 26, 27 On the contrary, the relationship between visuospatial abilities and left uncinate FA is unexpected and should be interpreted with caution. Although the functional role of the uncinate is still a matter of debate, it probably mediates emotion and memory functions and is part of a ventral language pathway. 28 Our study is not without limitations. First, the relatively small size of our patient group calls for studies in larger samples. Second, performance scores were not adjusted to take account for motor or speech impairment that may impact on word generation output, and the development of respiratory weakness also has not been accounted for. However, patients with ALS included were all mildly disabled (ALSFRS-R Ն 22), patients with cognitive impairment had less severe motor disturbances (ie, greater Upper Limb-Medical Research Council score) compared with those with normal cognitive tests, patients with respiratory failure were not included, and the correlation analysis between cognitive and DT MR imaging variables was adjusted for clinical disability. As a consequence, we believe that physical disability may have not influenced the results of our study at a great deal. Third, neuropsychologic tests were not performed in healthy controls.
Conclusions
This study shows that DT tractography holds promise to gain additional insight into the role of the brain WM network abnormalities to the development of cognitive impairment in patients with ALS. The pattern of cognitive impairment in nondemented patients with ALS is consistent with the extramotor frontotemporal WM damage revealed in the present study. In addition, the finding of significant correlations between the microstructural features of interhemispheric and long-range corticocortical association tracts with performance at tests of executive function and memory suggests that WM tract degeneration may underlie cognitive abnormalities in ALS. Clearly, cognitive deterioration often implies a balance between tissue damage and compensatory mechanisms by the same or other brain systems. As a consequence, our result cannot be interpreted as proof of a direct causal link. Future longitudinal studies are needed to confirm this hypothesis and clarify whether DT MR imaging can serve as a useful tool to predict those patients with ALS who will progress to develop dementia.
